Incorporating superconducting and semiconducting elements into electromagnetic metamaterials can achieve active control of terahertz radiation.
Figure 1. Microscope image of our superconducting metamaterial. YBCO: Yttrium barium copper oxide.
reflection. In addition, they can be used to create novel devices such as ultrathin perfect absorbers, planar lenses, and thin layers that rotate the polarization 90 ı .
Metals have been used for the conductive elements in the vast majority of metamaterials. However, just as a metal wire can passively direct the flow of an electrical current but not actively control it, these metallic structures can only passively manipulate electromagnetic waves. The most frequently studied approach to enable active control is to add additional materials, such as semiconductors, to metallic metamaterials. 1 Recently, we have focused on entirely replacing the metal with superconducting oxides. 2, 3 These have a conductivity that can be as high as that of metals, but that can also be easily controlled by temperature, light, a magnetic field, an electric field, or even very intense terahertz radiation.
Our initial work showed that the resonance of superconducting split ring resonators (SRRs), the most frequently used metamaterial building blocks, could be tuned or suppressed by varying the temperature. 2 We used a metamaterial consisting of an array of yttrium barium copper oxide (YBCO) SRRs on a lanthanum aluminate substrate (see Figure 1) . Plotting the transmission through the metamaterial at several temperatures ranging from 20K to 100K shows that the SRR resonance causes a dip at around 0.6THz: see Figure 2 (a). The change in resonance frequency and strength with temperature arises from the decrease in the density of Cooper pairs, the carriers responsible for the supercurrent. It continues up to the superconducting transition temperature (around 90K for these samples), where the material ceases to be a superconductor.
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Although temperature tuning nicely demonstrates how sensitive the metamaterial resonance is to the Cooper pair density in the superconductor, thermal control tends to be too slow for many device applications. Recently, we achieved ultrafast switching of the metamaterial resonance by using near-infrared light as the control signal. 2 Near-infrared photons are sufficiently energetic to easily break Cooper pairs, which again leads to a change in the YBCO conductivity and therefore the metamaterial resonance: see Figure 2 (b). While terahertz photons do not have sufficient energy to break a Cooper pair directly, intense electric fields of 10-10 2 kV/cm can drive the supercurrent into a nonlinear regime, again tuning the SRR resonance on a timescale of a few picoseconds: see Figure 2 (c).
Thus far, we have shown only superconducting devices that modulate the intensity of terahertz radiation. Although this is in itself a technologically important result, we are now extending our approach of building metamaterials directly out of an inherently controllable material. By applying this to more complex metamaterial devices, we expect in due course to be able to make tunable polarization rotators, beam steering devices, or perhaps even lenses with dynamically controllable focal lengths. Superconductors also exhibit manifestly quantum behaviors in response to a magnetic field or when formed into Josephson junctions, opening exciting possibilities in the emerging field of quantum metamaterials.
